Checkpoint kinase 1 (Chk1) mediates diverse cellular responses to genotoxic stress, regulating the network of genome-surveillance pathways that coordinate cell cycle progression with DNA repair. Chk1 is essential for mammalian development and viability, and has been shown to be important for both S and G 2 checkpoints. We now present evidence that the HTLV-1 Tax protein interacts directly with Chk1 and impairs its kinase activities in vitro and in vivo. The direct and physical interaction of Chk1 and Tax was observed in HTLV-1-infected T cells (C81, HuT 102 and MT-2) and transfected fibroblasts (293 T) by coimmunoprecipitation and by in vitro GST pull-down assays. Interestingly, Tax inhibited the kinase activity of Chk1 protein in in vitro and in vivo kinase assays. Consistent with these results, Tax inhibited the phosphorylation-dependent degradation of Cdc25A and G 2 arrest in response to c-irradiation (IR) in a dose-dependent manner in vivo. The G 2 arrest did not require Chk2 or p53. These studies provide the first example of a viral transforming protein targeting Chk1 and provide important insights into checkpoint pathway regulation.
Introduction
DNA damage activates a series of signal transduction pathways known as cell cycle checkpoints. The activated checkpoints delay cell cycle progression to facilitate DNA repair or eliminate the severely damaged cells through induction of cell death. Defects in the checkpoint network may result in a predisposition to cancer (Walworth, 2000; Zhou and Elledge, 2000) . The checkpoint network initiates signals to downstream cellular effector proteins through central kinases including ATM and ATR (Abraham, 2001) . Several proteins serving as checkpoint effectors are phosphorylated and activated by these kinases. For example, p53 (G 1 arrest), Chk2, BRCA1 (G 2 /M checkpoints), Chk1 and NBS1 (S and G 2 /M checkpoints) are substrates for the ATM/ATR kinases (Canman et al., 1998; Matsuoka et al., 2000; Melchionna et al., 2000; Abraham, 2001; Gatei et al., 2001 Gatei et al., , 2003 .
Chk1 is a major checkpoint kinase responsible for activation of S and G 2 checkpoints Zhao et al., 2002b; Chen et al., 2003; Jallepalli et al., 2003; Sorensen et al., 2003; Xiao et al., 2003; Zachos et al., 2003) . Upon DNA damage, Chk1 is activated by ATM/ATR-mediated phosphorylation. Active Chk1 phosphorylates the protein phosphatase Cdc25A which leads to its degradation. This prevents activation of Cdk2 or Cdk1 kinases, the downstream targets of Cdc25A that are responsible for S/G 2 or G 2 /M progression, respectively (Zhao et al., 2002b; Sorensen et al., 2003; Xiao et al., 2003) .
The human T-cell lymphotropic virus type-I (HTLV-I) is the etiologic agent of an aggressive and fatal disease, adult T-cell leukemia (Poiesz et al., 1980; Johnson et al., 2001) . The principal target cells for HTLV-I infection in the lymphoid system are mature CD4 þ CD45RO þ T lymphocytes. The mechanism of leukemogenesis or neoplastic cell growth in adult T-cell leukemia remains unclear. Several groups have, however, established that the viral transcriptional activator protein Tax plays a critical role in cellular transformation (Grassmann et al., 1992; Franchini, 1995; Hollsberg, 1999) . Tax not only activates expression of viral genes via the viral long terminal repeat (LTR) but also regulates the expression or activity of a number of cellular genes. These genes encode proteins involved in cell growth and cell death and include proto-oncogenes, growth factors, growth factor receptors, cyclin-dependent kinases, and cyclin-dependent kinase inhibitors (Franchini, 1995; Bex and Gaynor, 1998; Hollsberg, 1999) . Tax causes tumors in transgenic mice (Grossman et al., 1995; Coscoy et al., 1998) , cooperates with the ras oncogene in transformation of rodent fibroblasts (Tanaka et al., 1990) , and immortalizes human lymphocytes when expressed in either a herpes virus or retrovirus vector (Grassmann et al., 1989; Robek and Ratner, 1999) .
One model to explain cellular transformation caused by HTLV-1 is that Tax induces genomic instability and the accumulated genetic lesions lead to cellular transformation (Marriott et al., 2002) . Our laboratory and others have reported that HTLV-1 Tax inhibits p53 function (Gartenhaus and Wang, 1995; Cereseto et al., 1996; Akagi et al., 1997; Mulloy et al., 1998; PiseMasison et al., 1998b PiseMasison et al., , 2000 PiseMasison et al., , 2001 Van Orden et al., 1999; Ariumi et al., 2000) . The p53 tumor suppressor plays an important role in maintaining genomic integrity by activating or repressing the transcription of genes that regulate cell cycle progression or apoptosis (Anderson et al., 1998; McGowan, 2002) . Furthermore, Tax inhibits DNA repair mechanisms that repair DNA damage occurring during G 1 -phase. Tax was reported to repress transcription from the human DNA polymerase b promoter, an enzyme involved in base excision repair (BER) (Jeang et al., 1990; Philpott and Buehring, 1999) and Tax suppresses nucleotide excision repair (NER) following UV irradiation by transactivating the PCNA promoter (Kao and Marriott, 1999; Lemoine et al., 2000) . More recent studies have reported that Tax attenuates UV-induced G 1 arrest and physically interacts with Chk2 . These results indicate that Tax affects several checkpoint pathways.
In this report, we demonstrate that Tax attenuates IRinduced G 2 arrest by targeting Chk1. Coimmunoprecipitation and GST pull-down assays show that Tax specifically and directly binds to Chk1. Our results also indicate that Tax inhibits Chk1 functions including Cdc25A degradation and p53 phosphorylation. Lastly, using Chk2 or p53 knockout cells, we show that the G 2 arrest does not require Chk2 or p53. These studies provide the first example of a viral or cellular protein which interacts with Chk1 and inhibit its kinase activity.
Results

Tax attenuates the IR-induced G 2 arrest
Irradiation of lymphocytes leads to the accumulation of cells in the G 2 -phase (Xu et al., 2001 (Xu et al., , 2002 . To understand how HTLV-1 infection might alter the regulation of this cell cycle checkpoint, we compared the IR response of Jurkat lymphocytes and HTLV-1-transformed HuT 102 and MT-2 cells. After IR, the cells were analysed for cell cycle distribution by flow cytometry. The Jurkat cells showed an increase in G 2 accumulation after IR treatment (Figure 1a) . By 12 hours postirradiation, approximately 67% of the cells accumulated in G 2 -phase. In contrast, HTLV-1-transformed HuT 102 and MT-2 cells did not arrest in the G 2 -phase ( Figure 1a) . We next used human fibroblast cells (293 T) (transfection efficiency 485%) to examine whether Tax could inhibit the G 2 checkpoint. In a preliminary time course study, the accumulation of 293 T cells in the G 2 -phase peaked at 18 h post-IR (data not shown). We then transfected the 293 T cells with increasing amounts of a Tax expression plasmid (pCTax) and analysed the cell cycle distribution 18 h post-IR. The results showed that Tax attenuated IRinduced G 2 arrest in a dose-dependent manner (Figure 1b) . At the highest Tax concentration tested, the percentage of cells in the G 2 phase decreased from 75 to 35%.
To rule out the possibility that Tax could deregulate the G 2 checkpoint by transactivating G2 checkpoint proteins, protein levels of Cyclin B1 and Cdk1 that mediates G2/M progression were analysed at various time points after IR (Figure 1c) . The results demonstrated that Tax expression did not change the levels of Cyclin B1 and Cdk1.
To see whether Tax-expressing cells pass through the DNA-damage-induced G 2 checkpoint, 293 T cells transiently transfected with pCTax were treated with nocodazole after IR. Figure 1d shows that although nocodazole did not arrest Tax-expressing cells in M phase efficiently (Kasai et al., 2002) , the number of cells in G 2 /M phase was significantly increased in the presence of nocodazole suggesting that the HTLV-1 cells are progressing through the cell cycle. Taken together, these results suggest that Tax deregulate the checkpoint pathway.
Tax interacts with Chk1 and Chk2
To examine whether Tax could interact with checkpoint kinases, we performed coimmunoprecipitation assays. Human fibroblast cells (293 T) were transfected with expression plasmids encoding Tax and checkpoint kinases (ATM, ATR, Chk1, or Chk2). The checkpoint kinases were immunoprecipitated with specific antibodies and the immunoprecipitates were analysed for the presence of Tax by Western blot with a Tax-specific monoclonal antibody. The results of these studies demonstrate that Tax co-precipitates with Chk1 and Chk2 (Figure 2a and b, respectively). The interaction was specific for these checkpoint kinases since Tax did not interact with ATM or ATR (data not shown). The Tax/Chk2 interaction is consistent with the recent report .
In view of the block in G 2 arrest and because Chk1 has recently been implicated in the G 2 checkpoint, we focused our studies on the activity of Tax on Chk1. To rule out the possibility that overexpression of exogenous Chk1 could induce a nonspecific Tax/Chk1 interaction, we examined the interaction of endogenous Chk1 and Tax in HTLV-1-transformed cells (C81, HuT 102 and MT-2). We first analysed Chk1 and Tax expression. The Tax protein levels were similar in all three HTLV-1 cell lines (Figure 3a) . MT-2 cell lysates showed two Taximmunoreactive bands denoting an authentic 40-kDa Tax protein and a 69-kDa fusion between the envelope and the Tax-coding sequence (Miwa et al., 1984; Jeang et al., 1997) . Chk1 protein was detected in control Jurkat as well as the HTLV-1-transformed cells. The protein level of Chk1 in C81 was higher than HuT 102 or MT-2 cells. We immunoprecipitated endogenous Chk1 protein with a Chk1-specific polyclonal antibody and assessed the presence of Tax by Western ( Figure 3b ).
As a control, the extracts were immunoprecipitated with preimmune IgG. The coimmunoprecipitation assay showed that Tax associated with Chk1 ( Figure 3b ).
A reciprocal coimmunoprecipitation assay was performed to confirm that Tax associates specifically with Chk1 in HTLV-1-transformed cells. Tax proteins were immunoprecipitated with a Tax-specific monoclonal antibody and then Western blot analysis was carried out for the presence of Chk1 in the immunoprecipitates ( Figure 3c ). The interaction of Tax and Chk1 was observed in C81, HuT 102 and MT-2 cells. The higher level of Chk1 associated with Tax in C81 cells in part reflects the higher Chk1 level in the cell lysates of C81. Tax-negative Jurkat cells were used as control.
In an attempt to examine whether Tax/Chk1 interaction changes in response to DNA-damage-induced girradiation, we performed coimmunoprecipitation assay with a Chk1-specific polyclonal antibody using lysate of HTLV-1-transformed cells (C81) treated with ionizing radiation (IR). No apparent change in the Tax/Chk1 association was observed following irradiation during the experimental period (0-8 h) (data not shown).
To confirm the Tax/Chk1 interaction in vivo, we examined whether Tax colocalizes with Chk1. HCT-116 cells were transfected with expression plasmid encoding Tax. The cells were immunostained with antibodies against Tax and Chk1. Tax was excluded from the nucleolus and localized to speckled subnuclear bodies as The cell extracts were incubated with anti-Chk1 anti-Chk2, or control IgG antibodies. Western blot analysis of the immunoprecipitates was performed using anti-Tax, anti-Chk1, and anti-Chk2 antibodies. One-tenth of the reaction mixture was loaded as input.
IP, immunoprecipitation
Tax/Chk1 interaction attenuates the DNA-damage induced G 2 arrest HU Park et al reported previously (Semmes and Jeang, 1996; Burton et al., 2000; Ariumi et al., 2003) . Chk1 colocalized with Tax in nuclear structures that overlapped with Tax speckled nuclear bodies (data not shown). However, the cellular Chk1 localization does not change in the presence of Tax. To examine whether the Tax/Chk1 interaction was direct, we performed GST pull-down assays. Bacterial TaxHis6 protein was incubated with either the GST or GST-Chk1 fusion protein in binding buffer. GST-Chk1, but not GST, showed binding to the purified Tax protein (data not shown).
Tax inhibits Chk1 kinase activity in vitro
Chk1 is active in untreated cell lysates and is able to phosphorylate serine 20 of p53 in vitro (Kaneko et al., 1999; Shieh et al., 2000; Zhao et al., 2002b; Sorensen et al., 2003) . Consistent with those results, untreated Molt4 cell lysate phosphorylated serine 20 of p53 in in vitro kinase assays. In parallel reactions, to examine how the Tax/Chk1 interaction could affect the function of Chk1 the Molt4 cell lysate was incubated with p53 in the presence of increasing amounts of Tax protein. Figure 4a shows that Ser 20 phosphorylation decreased with increasing amounts of Tax but not the control GST protein.
The amount of GST in lane 2 is equivalent to the amount of Tax added to lane 7. Western blot analysis with a p53-specific monoclonal antibody (DO-1) showed comparable amounts of p53 in the reaction mixtures ( Figure 4a, bottom panel) . To exclude the possibility that the purified Tax protein had phosphatase activity, a phosphatase assay was performed with p53 protein phosphorylated by DNA-PK. No contaminating phosphatase activity was detected (data not shown).
To confirm the inhibition of Chk1 kinase activity by Tax, we performed an in vitro kinase assay using purified baculovirus-expressed Chk1 in the presence of GSTTax. Tax-inhibited kinase activity of the purified Chk1 protein in a dose-dependent manner (Figure 4b , top panel). The Gelcode-stained membrane showed the comparable amounts of Chk1 and p53 (Figure 4b,  middle panel) . The quantitative results of this experi- 
Tax inhibits Chk1 kinase activity in vivo
Chk1 is activated by ATM-mediated phosphorylation in response to DNA damage. Active Chk1 phosphorylates p53 and Cdc25A, inducing p53 activation and Cdc25A degradation, respectively (Zhao et al., 2002b; Sorensen et al., 2003; Xiao et al., 2003) . To investigate whether Chk1 could be inhibited by Tax in vivo, human fibroblast cells (293 T) were transiently transfected with increasing amounts of expression plasmid encoding Tax. The cells were g-irradiated and the levels of Cdc25A and p53 phosphorylation at serine 20 were analysed 1 h later. In cells not expressing Tax, Cdc25A was rapidly degraded after irradiation and p53 was phosphorylated at serine 20 ( Figure 5a , panels 1 and 2). Tax expression attenuated both Cdc25A degradation and p53 phosphorylation in a dose-dependent manner. The levels of p53 and Chk1 were not significantly changed (Figure 5a , panels 3 and 5). Interestingly, the phosphorylation level of Chk1 at Ser 317 in Tax-expressing cells was similar to that in Tax Figure 5b , demonstrated that similar levels of Cdc25A were expressed in the presence and absence of Tax. Together, these results suggest that Tax inhibits the kinase activity of Chk1 in vivo.
Tax attenuates the IR-induced G 2 checkpoint independently of Chk2 or p53
The IR-induced G 2 /M accumulation of HCT-116 wild type, Chk2 knockout (Chk2 To confirm whether Tax-expressing HCT-116 cells pass through the DNA-damage-induced G 2 checkpoint, cell cycle analyses was performed in the presence of , 1998b , 2000 , 2001 Ariumi et al., 2000; . In addition, Tax attenuates the UV-induced G 1 checkpoint and Tax activates the ATM-Chk2 pathway, thereby inducing G 2 /M accumulation in the unperturbed cell cycle . Here, we demonstrate that Tax attenuates the G 2 checkpoint by inhibiting Chk1 function in response to DNA damage (IR). Tax inhibits Chk1 kinase activity in a dosedependent manner in vitro and in vivo and inhibits Cdc25A degradation linked to IR-induced G 2 arrest (Figure 7 ). Using knockout cell lines, we demonstrate that the inhibition of the G 2 checkpoint function of Chk1 by Tax was independent of Chk2 or p53.
We performed coimmunoprecipitation assays to investigate which checkpoint kinase interacts with Tax. Our results demonstrated that Tax interacts with both of Chk1 and Chk2. However, reported that Tax interacts with Chk2 but not Chk1. Based on extensive analysis, this discrepancy is likely due to assay conditions including antibodies used for immunoprecipitation and the time of incubation for the immunoprecipitation reactions. Figure S1 demonstrates that extended immunoprecipitation reaction time results in a loss of the Tax/Chk1 complex while there was no change in the input levels of Tax and Chk1, indicating that the Tax/Chk1 complex is unstable in overnight incubation. Those reciprocal coimmunoprecipitation assays with the HTLV-1 transformed cell lysates confirmed that the Tax/Chk1 interaction was specific (Figure 3 ). In addition, the purified recombinant Chk1 fusion protein associated with the purified TaxHis6 protein while GST alone did not. Taken together, our interaction data strongly support a specific and direct interaction of Tax and Chk1.
A recent study reported that the topoisomerase inhibitor, etoposide, activates two pathways for G 2 arrest: one dependent on p53 and the other sensitive to caffeine (Clifford et al., 2003) . The tumor suppressor p53 is essential for maintaining the G 2 checkpoint in human cells (Bunz et al., 1998) . Overexpression of p53 causes G 2 arrest and represses the synthesis of cyclindependent kinase 1 and cyclin B1, two proteins required for cells to traverse from G 2 into M (Taylor et al., 1999) . Chk2 has also been implicated in G 2 arrest (Matsuoka et al., 1998; Hirao et al., 2000) . Although p53 and Chk2 have been shown to be targeted by Tax (Pise-Masison et al., 1998a , 2001 , we ruled out the possibility that p53 inactivation by Tax or the Tax/Chk2 interaction could cause attenuation of the IR-induced G 2 arrest by using HCT-116 wild type, HCT-116 Chk2 À/À and HCT-116 p53 À/À cells. Tax attenuated G 2 arrest in all three cell lines, suggesting that Tax-mediated attenuation of IR-induced G 2 arrest does not require Chk2 or p53.
The ATM/ATR kinase family phosphorylates and activates Chk1 in response to diverse types of genotoxic stresses or stalled replication (Feijoo et al., 2001; Zhao and Piwnica-Worms, 2001; Heffernan et al., 2002; Bartek and Lukas, 2003; Gatei et al., 2003; Shiloh, 2003; Sorensen et al., 2003) . Interestingly, phosphorylation levels of Chk1 induced by g-irradiation were not significantly changed in the presence of Tax (Figure 5a , panel 4). This suggests that Tax does not interfere with the signal transduction from DNA damage to Chk1 in Figure 7 Schematic representation of the molecular mechanisms of cell cycle checkpoints impaired by Tax. In response to DNA damage such as g-irradiation (IR) or UV, Chk1 phosphorylates the p53 tumor suppressor, which results in stabilization and activation of p53. Concomitant phosphorylation at serine 15 of p53 by ATM contributes to the stabilization and activation of p53. Tax inhibits the ability of Chk1 to phosphorylate p53 at Ser 20, inhibiting the progression of this pathway. In addition, Chk1 induces S-and G 2 -phase delay by phosphorylating Cdc25A, which triggers proteosome-dependent -degradation. Tax inhibits Cdc25A phosphorylation and degradation, inhibiting the G 2 and likely the S phase checkpoint pathway. Perpendicular ends represent inhibitory steps the DNA-damage-induced checkpoint pathway. Rather, Tax blocks the signal from Chk1 to downstream effector proteins including p53 or Cdc25A. Since the rapid Cdc25A degradation after IR has been reported to regulate S-phase and G 2 /M checkpoints, we are currently investigating whether Tax attenuates the DNA-damage-induced S-phase checkpoint.
In a recent study, reported that Tax interacts with Chk2 and induces an accumulation in G 2 /M. While these studies appear to be in conflict with our work, it should be noted that primarily analysed the cellular response to Tax expression whereas we concentrated on the response of Taxexpressing cells to DNA damage induced by IR. Since Tax-expressing cells such as C81, MT-2, HuT 102, BHK-Tax and CREF-Tax do not accumulate in G 2 /M but transit through normal cell cycle (data not shown; Lemoine and Marriott, 2001 ), we speculate that the studies are looking at two different response pathways. As for the interaction of Tax and Chk1, reported that confocal microscopy of Tax and Chk1 indicated the foci were close but not directly overlapping, with the colocalization calculated to be o 9% . Our studies show that a fraction of Tax and Chk1 interact by confocal microscopy or coimmunoprecipitation analysis but a significant impact is made on the damage response.
Several cellular proteins have been reported to interact with Chk1 and play important roles in the Chk1 activation pathway. For example, fission yeast Crb2 is required to activate Chk1 in response to DNA damage (Saka et al., 1997) . In addition, the CK2 betasubunit has shown to interact with Chk1 and increase its kinase activity (Guerra et al., 2003) . Our results provide the first evidence that a viral protein impairs Chk1 function. Tax protein associates with Chk1, an effector kinase in DNA-damage checkpoints and impairs G 2 arrest mediated by Chk1. These important findings suggest that the G 2 checkpoint may be targeted and impaired by Tax in HTLV-1-tumorigenesis and shed light on the understanding of HTLV-1-induced cellular transformation.
Materials and methods
Cell culture and drug treatment
Jurkat and HTLV-I-transformed C81, HuT 102 and MT-2 cells were grown in RPMI media supplemented with 10% fetal bovine serum, 2 mM glutamine and penicillin/streptomycin. Human colon cancer cell line HCT-116 wild type (p21 þ / þ ) and its derived isogenic Chk2 À/À and p53 À/À cell lines were kindly provided by Dr Vogelstein (Johns Hopkins University, Baltimore, MD, USA). HCT-116, HCT-116 knockout cells, and 293 T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM glutamine, and penicillin/streptomycin. Cells were treated with nocodazole (2 mg/ml) and UCN-01 (100 nM). UCN-01 was provided by the Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, National Cancer Institute, and was dissolved in PBS at 2 mM.
Transfection 293 T and HCT-116 cells were transfected with plasmids using Effectene (Qiagen) or Lipofectamine 2000 (Invitrogen) as described by the manufacturer. The Tax expression plasmid (pCTax) was provided by Dr Greene (University of California, San Francisco, CA, USA). Chk1 expression constructs were provided by Dr Prives (Columbia University, New York, NY, USA). The Chk2 expression plasmid was described previously (Brown et al., 1999) .
Western blot analysis
Cultured cells were lysed in lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% NP-40, 0.25% Na-deoxycholate and 1 Â protease inhibitor cocktail (EDTA free, Roche)). The protein samples were separated by SDS-PAGE and transferred onto immobilon-P membranes (Millipore). The membranes were blocked with 5% nonfat dry milk and probed with the following antibodies: anti-Chk1 (Santa Cruz), antiphosphoChk1 (S317P) (Cell Signaling), antiChk2 (Santa Cruz), anti-Tax (TAb172), anti-p53 (Oncogene), antiphospho-p53 (S20P) (Cell Signaling), Cdc25A (Santa Cruz), Cdk1 (Santa Cruz) Cyclin B1 (Santa Cruz) and antiActin (Santa Cruz). Chemiluminescent detection was performed using ECL reagents according to the vendor's protocols (Amersham).
Coimmunoprecipitation assay
For immunoprecipitation we used the following antibodies: a sheep polyclonal anti-Chk1 (Upstate), a sheep polyclonal antiChk2 (Upstate), and a mouse monoclonal anti-Tax (Tab 172). The cell extracts (1-2 mg) were immunoprecipitated with 1 mg of the corresponding antibody by incubation for 1 h at 41C, and the immune complexes were collected using 10 ml of either Dynabeads protein G (Dynal Biotech) for polyclonal antibodies or Dynabeads anti-mouse IgG for monoclonal antibodies (1 h at 41C). Subsequently, the beads with the precipitated proteins were washed four times with the LYSIS buffer and eluted in SDS-PAGE loading buffer for the detection of protein complexes.
GST pull-down assay
To construct the TaxHis6 protein expression vector, Tax cDNA was cloned via PCR into the pET30a vector (Novagen) and expressed in E. coli BL21 (DE3). The TaxHis6 protein was purified using Ni-NTA agarose (Qiagen) as described by the manufacturer. An amount of 500 ng of GST-Chk1 (Upstate) or 1 mg of GST was incubated with 1 mg of the purified TaxHis6 protein in 100 ml of binding buffer (50 mM HEPES, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM DTT, 1 mM b-glycerophosphate, 1 mM NaF, 1 Â protease inhibitor cocktail (EDTA free, Roche)) supplemented with 10 mg of bovine serum albumin (BSA) at 41C for 1 h; 20 ml of Glutathione-Sepharose (Pharmacia) was added, and the mixture was incubated for 1 h at 41C. Complexes were washed four times with the Lysis buffer and eluted in loading buffer.
Chk1 kinase assays
Either Molt4 cell extract (50 mg) or GST-Chk1 (100 ng) was incubated with GST or GST-Tax, in 20 ml of kinase buffer (50 mM HEPES, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM DTT, 1 mM b-glycerophosphate, 1 mM NaF, 10 mM ATP, and 1 Â protease inhibitor cocktail (EDTA free, Roche)) for 15 min at 41C. Substrate mix containing 1 mg of GST-p53
(1-300) in 10 ml of kinase buffer was added and further incubated at 301C for 20 min. An amount of 5 Â sample buffer were added, and samples were boiled for 5 min and separated by SDS-PAGE. The kinase activity was determined using Western blot analysis with antiphospho-p53 (S20P). Following Western blot analysis, the membranes were stained with Gelcode (Pierce). GST proteins including GST alone, GSTp53 (1-300), and GST-Tax were expressed in E. coli BL21. The GST proteins were purified using Glutathione-Sepharose and eluted with reduced glutathione. The eluted proteins were dialysed against dialysis buffer (20 mM Tris-HCl (pH 7.5), 100 mM KCl, 0.1 mM EDTA, 0.1 mM DTT, 10% glycerol) and stored at À201C.
Immunofluorescence
For immunostaining, cells were cultured on coverslips, fixed in PBS-buffered 4% paraformaldehyde, and permeabilized in cold methanol. The permeabilized cells were incubated with 10% normal goat serum in PBS for 1 h, followed by immunostaining with anti-Tax antibody and an Alexa Fluor 488-conjugated antimouse IgG antibody. The immunostained cells were mounted with medium containing DAPI (Vectashield, Vector Labs) and were visualized by use of a Leica confocal microscope.
Cell cycle analyses
Cells were harvested and fixed in 70% ethanol. The fixed cells were then stained with propidium iodide (50 mg/ml) after treatment with RNase (5 mg/ml). The stained cells were analysed for DNA content using FACSCalibur (Becton Dickinson). Cell cycle fractions were quantified with Cell Quest (Becton Dickinson) or ModFit LT (Verity Software House). For intracellular immunostaining, cells were fixed in 70% ethanol and permeabilized in 0.1% Triton X-100. The permeabilized cells were incubated with 1% normal goat serum in PBS for 1 h, followed by immunostaining with antiTax antibody and an Alexa Fluor 488-conjugated anti-mouse IgG antibody. The immunostained cells were stained for DNA and analysed by a flow cytometry.
